Abstract-Mesh stiffness is one of fundamental parameters of face gear dynamics. Thus, a calculation solution of mesh stiffness of face gear drives was constructed by finite element method. The impact of face gear rim thicknesses on mesh stiffness was predicted. The analytical results indicate that a face gear rim is thicker, average mesh stiffness is larger, but changes of average mesh stiffness would slow versus changes of face gear rim thickness. The contributions are benefit to improve the design of face gear drives associated with low vibrations.
I. INTRODUCTION
Face gear drives are addressed by many scholars due to its insensitive manufacture and alignment errors versus bevel gear drives [1~5] . Face gear dynamics is a part of studies of face gear drives, and mesh stiffness is one of the fundamental parameters of face gear dynamics. Mesh stiffness calculation solutions of spur and bevel gear drives have been constructed [6~9] . However, mesh stiffness of face gear drives with a spur gear is yet to be further researched. Thus, a constructed solution of face gear drives mesh stiffness was provided, and the impact of face gear rim thicknesses on mesh stiffness is predicted in this study. It is based on the contact finite element method (FEM) for face gear drives. The geometric modelling of a face gear drive is constructed. The mesh stiffness solution and data processing were analysed in FEM software. The deformations of different rims are also computed. And then mesh stiffness of face gear drives of different rim thicknesses are obtained. The conclusions of this study indicate that a thicker face gear rim will lead to larger average mesh stiffness, but changes of average mesh stiffness would slow versus changes of face gear rim thickness. Therefore, the paper provides an approach for calculating mesh stiffness of face gear drives, and the impact prediction is meaningful for its design process.
II. CONSTRUCTION OF A GEOMETRIC MODELLING SOLUTION

A. Equations of Face Gear Tooth Surface
Face gears are manufactured by involute generating cutters. The coordinate system of a cutter [10] is given by Fig. 1 . φs is the rotational angle of the cutter. The tooth surface vector equations [10] of the cutter are expressed as:
(1) Where r bs is the base circle radius of the cutter; u S and θ S are the axial parameter and angle parameter of a point on cutter surface, respectively; φ S is the rotational angle of the gear cutter. θ S0 is an angle parameter from the symmetric plane of the tooth space to the initial point of the involute; "±" corresponds to the involutes at the two sides of the tooth space, namely γ-γ and β-β, respectively.
Unit normal of the cutter tooth surface [10] is expressed as:
(2) The processing coordinate systems of an orthogonal face gear are presented in Figure 2 . There are four coordinate systems, which are two fixed ones for the cutter S and the face gear 2, named O S0 x S0 y S0 z S0 and O 2 x 20 y 20 z 20 , respectively; two rotating ones for the cutter S and the face gear 2, named O S x S y S z S and O 2 x 2 y 2 z 2 , respectively. The motion relationship of the gear shaper and a face gear is shown in Figure 2 (a). FIGURE I. THE COORDINATE SYSTEM OF THE CUTTER TOOTH SURFACE [10] .
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Tooth surface equations of a face gear are deduced by the conversion relationship from coordinate system S S to coordinate system S 2 . They are expressed [10] as:
( , , ) 0 
(4) Where q 2S is the gear ratio of the face gear and the gear cutter; φ 2 =q 2S φ 2 ; φ θ =φ S ± (θ S0 +θ S ).
B. Tooth Contact Analysis
The point contact face gear drives are studied because of unbalanced loading of line contact. A medium gear is a gear that can meet the line contact with the face gear and the pinion at same time. It is an imaginary gear. Its geometry parameters are always consistent with the cutter, and the tooth profile coordinate is shown in Figure3 [11] . In Figure 3 , r b is the base circle radius of the medium gear; r k is the radius vector of a point on the tooth profile, named k. θ k is the angle between r k and y.
Hence, the tooth profiles equations [11] FIGURE IV. THE DRIVE COORDINATE SYSTEM OF POINT CONTACT FACE GEARS [11] .
The surfaces equations and the envelope condition can be expressed [11] as eqn. (6) and eqn. (7) . These equations are under the envelope principle.
is the homogeneous matrix that the medium gear generates the face gear with envelope method. The surfaces equations of the medium gear can be expressed as eqn (8) The surfaces are enveloped by the spur gear. The envelope condition is expressed as eqn(9) [11] .
Where R g =R m , M m'g' is the homogeneous matrix when the pinion envelopes the medium gear. The four equations eqn(6), (7), (8) and (9) are contact equations of a face gear drive.
C. Geometry Model of a Face Gear
Discrete data points of the tooth surface can be solved from the equations of the face gear tooth surface by numerical calculation. The parameters of the face gear drive are shown in Table 1 . The gear tooth surface can therefore be simulated as presented in Figure5. In the picture, the top land is sharpened at the inner radius and the dedendum is undercut at the outside radius. The contact points can be resolved as shown in In the first a and the spur degree of free y a little displa t the perfect convergence; the face gear release the ro pply a 200N·m The load incre ysis step time a single gear ar rotates 0.5 d ion of these po sectors is an is shown in F of the face ge rface when a f the gear to ed in Figure 1 ed up when th e regarded as re 11. The u and the ma d as the force n in Table 2 
